The selective degradation of intracellular components by autophagy involves sequential interactions of the cargo with a receptor, which also binds the autophagosomal protein Atg8 and a scaffold protein. Here, we demonstrated that mutations in C. elegans epg-11, which encodes an arginine methyltransferase homologous to PRMT1, cause the defective removal of PGL-1 and PGL-3 (cargo)-SEPA-1 (receptor) complexes, known as PGL granules, from somatic cells during embryogenesis. Autophagic degradation of the PGL granule scaffold protein EPG-2 and other protein aggregates was unaffected in epg-11/prmt-1 mutants. Loss of epg-11/prmt-1 activity impairs the association of PGL granules with EPG-2 and LGG-1 puncta. EPG-11/ PRMT-1 directly methylates arginines in the RGG domains of PGL-1 and PGL-3. Autophagic removal of PGL proteins is impaired when the methylated arginines are mutated. Our study reveals that posttranslational arginine methylation regulates the association of the cargo-receptor complex with the scaffold protein, providing a mechanism for modulating degradation efficiency in selective autophagy.
INTRODUCTION
Autophagy is a lysosome-mediated degradation process that involves the enclosure of a portion of cytosol within a doublemembrane structure called an autophagosome and its subsequent delivery to the lysosome for degradation (Nakatogawa et al., 2009; Yang and Klionsky, 2010) . The autophagy process can be dissected into a series of dynamic membraneremodeling events, including the initiation and nucleation of a cup-shaped membrane sac, known as the isolation membrane, and its expansion and closure to form the autophagosome (Nakatogawa et al., 2009) . In higher eukaryotes, the autophagosome undergoes a maturation process before fusing with the lysosome to form the degradative autolysosome, in which the sequestrated materials are degraded and recycled (Longatti and Tooze, 2009; Lu et al., 2013) .
The basal constitutive level of autophagy selectively removes misfolded or aggregate-prone proteins and damaged or superfluous organelles (Johansen and Lamark, 2011) . A family of autophagy receptors that simultaneously bind with cargoes and Atg8/LC3 (the mammalian Atg8 homolog) confers cargo specificity in selective autophagy (Noda et al., 2010; Johansen and Lamark, 2011) . Atg8/LC3 is a ubiquitin-like protein that conjugates to phosphatidylethanolamine. The lipidated form of Atg8 associates with the autophagosomal membrane (Nakatogawa et al., 2009) . Distinct receptors are employed for the selective degradation of different cargoes (Johansen and Lamark, 2011; Mijaljica et al., 2012) . The self-oligomerizing receptor proteins p62/SQSTM1 and NBR1, which contain a C-terminal ubiquitinassociated (UBA) domain and an LC3-interacting region, mediate the formation and autophagic degradation of polyubiquitinated protein aggregates (Bjørkøy et al., 2005; Pankiv et al., 2007; Ichimura et al., 2008) . In yeast, the mitochondrial outer membrane spanning protein Atg32 and the peroxisome-associated protein PpAtg30 act as receptors for the removal of excess or damaged mitochondria and peroxisomes, respectively (Farré et al., 2008; Okamoto et al., 2009; Kanki et al., 2009) . In addition to the receptor-Atg8 interaction, cargo selectivity and degradation efficiency also require a scaffold protein that links the receptor-cargo complex with multiple ATG proteins (Tian et al., 2010; Lin et al., 2013; Mijaljica et al., 2012) . The phosphatidylinositol 3-phosphate binding protein Alfy scaffolds a complex between p62-and NBR1-positive aggregates and the Atg5-Atg12-Atg16L protein complex and LC3 (Filimonenko et al., 2010) . Atg11 functions as a common scaffold in selective autophagy in yeast by directly interacting with receptor proteins and Atg proteins such as Atg1 and Atg9 in order to form the preautophagosomal structure, where autophagosomes originate (He et al., 2006; Suzuki et al., 2007) .
Protein posttranslational modification provides a layer of regulation for the specificity and efficiency of selective autophagy. Acetylation of mutant huntingtin protein causes preferential interaction with p62, and, thus, promotes its trafficking into autophagosomes (Jeong et al., 2009 ). Phosphorylation of autophagy receptors appears to be a general mechanism for promoting degradation efficiency by elevating their binding affinity with the cargo, Atg8/LC3, and/or the scaffold protein. Phosphorylation of p62 at serine 403 in the UBA increases its binding affinity with polyubiquitinated chains (Matsumoto et al., 2011) . Optineurin is phosphorylated by the protein kinase TBK1 at serine 177, which enhances the LC3 binding affinity and autophagic clearance of cytosolic Salmonella enterica (Wild et al., 2011) . Phosphorylation (E-H) Endogenous PGL-1 and PGL-3, detected by anti-PGL-1 and anti-PGL-3, respectively, are present in two germline precursor cells but are absent in somatic cells in WT embryos (E and G), whereas PGL-1 and PGL-3 accumulate into a large number of granules in somatic cells in addition to germ precursor cells in epg-11(bp292) mutants (F and H). (I) In comparison to WT animals, levels of PGL-1 and PGL-3 are increased in epg-11 mutants (2.4-and 2.5-fold, respectively) and are further increased in sepa-1; epg-11 double mutants (2.8-and 4.1-fold, respectively) in an immunoblotting assay. (J) Number of PGL-3 granules in various genetic backgrounds at the 100-cell or 4-fold embryonic stage. **p < 0.01. (K) Number of GFP::PGL-1 aggregates in somatic cells in various mutants at the 50-to 100-cell stage. *p < 0.05, **p < 0.01. (L and N) GFP::PGL-1 granules are absent in germ precursor cells in par-1(RNAi) (L) and mex-5/6(RNAi) (N) embryos. (M and O) GFP::PGL-1 granules are absent in germ precursor cells but are present in somatic cells in par-1 epg-11 (M) and mex-5/6; epg-11 (O) mutant embryos. (P-S) At the 100-to 200-cell stage, no or a very few SEPA-1 aggregates, detected by anti-SEPA-1, are found in WT embryos (P and Q), whereas the number of aggregates is dramatically increased in epg-11 mutants (R and S). (P and R) DAPI images of the embryos shown in (Q) and (S), respectively. (T) Number of SEPA-1 aggregates in various genetic backgrounds at the 100-cell stage. *p < 0.05, **p < 0.01, ***p < 0.001. (U) Number of EPG-2 aggregates in WT, , and atg-3 mutants at the 100-and 200-cell stages. (V and W) At the 200-cell stage, only a few EPG-2 aggregates are detected in WT (V) and epg-11(bp292) mutant (W) embryos.
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Arginine Methylation Controls Autophagy Efficiency of PpAtg30 at serine 112 and Atg32 at serine 114 facilitates their interactions with Atg11 and triggers pexophagy and mitophagy in yeast, respectively (Farré et al., 2008; Aoki et al., 2011) . The binding of Atg8 to PpAtg30 is also enhanced by phosphorylation at serine 71 (Farré et al., 2013) . Arginine methylation, involving the addition of one or two methyl groups to the guanidine nitrogen atoms of arginine catalyzed by arginine methyltransferases (PRMT), is another major type of posttranslational modification. Type I PRMTs, including PRMT1, generate asymmetric dimethylarginines, whereas type II PRMTs, including PRMT5, result in the formation of symmetric dimethylarginines (Bedford and Clarke, 2009) . Arginine methylation regulates protein-protein and protein-RNA binding and participates in diverse biological processes, including signal transduction, RNA processing, transcriptional control, and nucleocytoplasmic shuttling of proteins (Bedford and Clarke, 2009 ). The role of arginine methylation in selective autophagy is unknown.
During C. elegans embryogenesis, maternally loaded P granule components PGL-1 and PGL-3, which become partitioned into somatic blastomeres, are degraded by autophagy (Zhang et al., 2009 ). The accumulation of PGL-1 and PGL-3 into aggregates and their autophagic degradation require the self-oligomerizing receptor protein SEPA-1, which directly associates with PGL-3 and LGG-1/Atg8. SEPA-1 itself is removed by autophagy (Zhang et al., 2009) . In autophagy mutants, SEPA-1 completely colocalizes with PGL-1 and PGL-3 in aggregates known as PGL granules (Zhang et al., 2009 ). The degradation of PGL granules also depends on the scaffold protein EPG-2, which promotes the association of PGL granules with LGG-1 puncta (Tian et al., 2010) . EPG-2 itself forms aggregates and is selectively degraded by autophagy (Tian et al., 2010) . However, the mechanisms governing cargo selectivity and degradation efficiency of PGL granules during C. elegans embryogenesis remain poorly understood.
Here, we demonstrated that the association of PGL granules with EPG-2 is regulated by posttranslational arginine methylation. Loss of activity of the C. elegans arginine methyltransferase PRMT1 homolog epg-11/prmt-1 impairs the degradation efficiency of PGL granules. Arginine residues in the RGG domains of PGL-1 and PGL-3 are methylated by EPG-11. Mutating the methylated arginine residues causes the defective degradation of PGL-1 and PGL-3. Our results indicate that the modification of cargo proteins by arginine methylation regulates the association of the cargo-receptor complex with the scaffold protein, providing a regulatory mechanism for modulating autophagic degradation efficiency in selective autophagy.
RESULTS
Mutations in epg-11 Cause a Defect in the Degradation of P Granule Components PGL-1 and PGL-3 During C. elegans embryogenesis, P granule components PGL-1 and PGL-3 in somatic cells are selectively degraded by autophagy, resulting in their exclusive localization in germline cell lineages ( Figures 1A, 1B, 1E , and 1G) (Zhang et al., 2009 ). We performed genetic screens and isolated a recessive mutation, named epg-11(bp292) , that caused the accumulation of GFP::PGL-1 granules in somatic cells during embryogenesis ( Figures 1C and 1D) . Immunostaining with specific antibodies showed that endogenous PGL-1 and PGL-3 also accumulated into a large number of aggregates that completely colocalized in somatic cells in epg-11 mutant embryos (Figures 1F and 1H ; Figures S1A-S1D available online). Consistent with this, levels of PGL-1 and PGL-3 were elevated in epg-11 mutants in an immunoblotting assay ( Figure 1I ). As in autophagy mutants, mRNA levels of pgl-1 and pgl-3 were not upregulated, but they were reduced in epg-11 mutants ( Figure S1E ).
In comparison to autophagy mutants, the number of PGL-1 and PGL-3 granules was lower in epg-11 mutants, especially at late embryonic stages ( Figures 1J and S1F ). In epg-11(bp292) mutants, there were about 40 PGL-3 granules per focal plane at the 100-cell stage and ten at the late embryonic 4-fold stage, whereas lgg-1 mutants had about 80 and 60 granules at the same stages ( Figure 1J ). Simultaneously depleting lgg-1 activity increased the number of PGL granules in epg-11 mutants ( Figure 1J ). PGL-3 granules were detected in embryos generated from epg-11 hermaphrodites mated with pgl-3 epg-11 males but were absent in embryos born from pgl-3 epg-11 hermaphrodites mated with epg-11 males, indicating that somatic PGL-3 granules in epg-11 mutant embryos were maternally derived (Figures S1G and S1H) . Removal of other components of P granules, including GLH-1 and MEG-1, which is unaffected in autophagy mutants, remained unchanged in epg-11 mutants ( Figures S1I-S1J ). The formation and distribution of P granules in germ cells remained unaffected in epg-11 mutants (Figures 1D and S1A-S1D). These results indicate that epg-11 is involved in the degradation of maternally derived P granule components in somatic cells, but epg-11 mutants display a phenotype weaker than autophagy mutants.
During the first asymmetric embryonic division, P granules are quickly disassembled in the portion of cytoplasm that is destined to be partitioned to the somatic cells (Gallo et al., 2010) . In epg-11 mutants, dynamic assembly of P granules resembled that in autophagy mutants. GFP::PGL-1 was diffusely localized at the two-to four-cell stages and formed a few small granules at the 8-cell stage ( Figure S2 ). The number of GFP::PGL-1 granules increased as development proceeded ( Figure S2 ). Thus, somatic PGL-1 and PGL-3 granules in epg-11 mutants are reassembled from diffuse PGL-1 and PGL-3 in somatic blastomeres and not directly inherited from the pre-existing P granules derived from the oocyte.
The assembly and disassembly of P granules during early embryonic divisions is oppositely regulated by the serine and threnonine kinase PAR-1 and two redundant RNA binding proteins, MEX-5 and MEX-6 (Gallo et al., 2010) . P granules are absent in germ cells in par-1(RNAi) embryos ( Figure 1L ). In For (J and K) and (T and U), data were obtained from at least three confocal images for each genotype at the same stage and represented as mean ± SD. **p < 0.01; ns, no significant difference. The scale bar represents 10 mm (A-H, L-S, V, and W). C. elegans embryos remain the same size during embryogenesis, and a loss of autophagy activity and epg-11 has no effect on the embryo size. Thus, the scale bar is only shown once in each figure. See also Figures S1, S2, and S3.
atg-3; par-1 and par-1 epg-11 mutants, germline P granules were absent, whereas somatic PGL-1 and PGL-3 granules were detected ( Figures 1K, 1M , and S1K). par-1 epg-11 mutant embryos contained more PGL granules than epg-11 single mutants ( Figure 1K ), which is probably because loss of par-1 results in an equal distribution of P granule components into somatic and germline blastomeres at early divisions. In mex-5/ 6(RNAi) embryos, PGL-1 granules are detected in somatic blastomeres A, B, and EMS and disappear from the four-cell stage onward ( Figure 1N ). In mex-5/6(RNAi); epg-11 mutants, PGL granules persisted in late-stage embryos, and the size of the PGL granules was larger than in epg-11 single mutants ( Figures  1K, 1O , and S1L). These results indicate that altered dynamic assembly of P granules in early embryonic cells has no effect on the defective degradation of PGL-1 in epg-11 mutants.
epg-11 Mutants Show Defective Degradation of SEPA-1 SEPA-1, the receptor protein for the removal of PGL-1 and PGL-3, is also degraded by autophagy (Zhang et al., 2009 ). In wild-type (WT) embryos, SEPA-1 aggregates are present in early-stage embryos and largely disappear from the 100-to 200-cell stage, becoming undetectable from the comma stage onward ( Figures 1P, 1Q , and S3A-S3D) (Zhang et al., 2009 ). In epg-11 mutants, a large number of SEPA-1 aggregates were detected at the 100-to 200-cell stage and also in late-stage embryos ( Figures 1R-1T , S3G, and S3H). The number of SEPA-1 aggregates in epg-11 mutants was also lower than it was in autophagy mutants ( Figure 1T ). PGL-1 and PGL-3 completely colocalized with SEPA-1 aggregates in epg-11 mutants (Figures S1M-S1P). Thus, epg-11 is required for the degradation of PGL-1-PGL-3-SEPA-1 complexes (PGL granules).
epg-11 Is Not Required for the Degradation of EPG-2 and the C. elegans p62 Homolog SQST-1 The efficient removal of PGL granules depends on the scaffold protein EPG-2, which itself forms aggregates and is degraded by autophagy (Tian et al., 2010) . EPG-2 aggregates are detected at early embryonic stages but are absent from the 200-cell stage onward ( Figures 1U, 1V , and S3A-S3D) (Tian et al., 2010) . In comparison to SEPA-1, EPG-2 aggregates were more numerous and persisted to a later embryonic stage in WT embryos ( Figure S3C ), suggesting that EPG-2 may mediate the degradation of other types of aggregates in addition to PGL granules. Unlike in autophagy mutants, no ectopic EPG-2 aggregates accumulated in epg-11 mutant embryos ( Figures 1U, 1W , and S3E-S3H). In epg-11 mutant embryos at the comma stage onward, EPG-2 aggregates were absent, whereas PGL granules were detected ( Figure S3H ).
Furthermore, we examined whether a loss of function of epg-11 affects the degradation of other protein aggregates. Like in WT embryos, the C. elegans p62 homolog SQST-1 was weakly expressed and diffusely localized in the cytoplasm in epg-11 mutants ( Figures S1U-S1X ). The degradation of other autophagy substrates, including the SEPA-1 family members C35E7.6::GFP, VET-6::GFP, ZK1053.4::GFP, and T04D3.2::GFP, was also not affected in epg-11 mutants (Figures S1Y-S1B2) (data not shown). Therefore, EPG-11 is not generally required for the autophagic degradation of protein aggregates.
SEPA-1 Is Dispensable for the Formation of PGL-1 and PGL-3 Aggregates in epg-11 Mutants SEPA-1 is required for the degradation of PGL-1 and PGL-3 and mediates their accumulation into PGL granules in autophagy mutants (Zhang et al., 2009) . The degradation of PGL-1 and its aggregation in autophagy mutants also depend on PGL-3 (Zhang et al., 2009) . GFP::PGL-1 aggregates were absent and diffusely localized in the cytoplasm in pgl-3 epg-11 double mutants (Figures 2A and 2B) . A loss of SEPA-1 results in the diffuse localization of PGL-1 and PGL-3 in somatic cells ( Figure 2C ) (Zhang et al., 2009 ). However, in sepa-1; epg-11 mutants, PGL-1 and PGL-3 still accumulated into aggregates, and these aggregates were larger and even more numerous than those in epg-11 single mutants ( Figures 2D-2F ). For example, the number of PGL granules increased from about ten per focal plane in epg-11 mutants to about 20 in sepa-1; epg-11 double mutants at the comma stage ( Figure 2E ). Consistent with this finding, levels of PGL-1 and PGL-3 were increased in sepa-1; epg-11 mutants ( Figure 1I ). Simultaneous depletion of epg-2 increased the number of PGL granules in epg-11 mutants ( Figures 1J, 1T , and S1Q-S1T), suggesting that SEPA-1-and EPG-2-mediated degradation of PGL-1 and PGL-3 are impaired but not completely blocked in epg-11 mutants. These results indicate that, unlike in autophagy mutants, the formation of PGL-1 and PGL-3 aggregates in epg-11 mutants is independent of SEPA-1.
Defective Degradation of SEPA-1 Aggregates in epg-11 Mutants Is Suppressed by Loss of pgl-1 or pgl-3 In WT embryos, the formation and autophagic degradation of SEPA-1 aggregates is independent of PGL-1 and PGL-3 (Zhang et al., 2009 ). SEPA-1 aggregates ectopically accumulated in autophagy mutants in which pgl-1 or pgl-3 are also depleted ( Figures 2I and 2L ) (Zhang et al., 2009 ). However, no ectopic SEPA-1 aggregates were detected in pgl-1; epg-11 and pgl-3 epg-11 mutant embryos at the 100-to 200-cell stage (Figures 2J, 2K, 2M, and 2N) . Consistent with this, immunoblotting showed that levels of SEPA-1 in pgl-1; epg-11 and pgl-3 epg-11 mutants were decreased in comparison to epg-11 single mutants ( Figure 2G ). Therefore, in contrast to autophagy mutants, a loss of pgl-1 and pgl-3 suppresses the impaired degradation of SEPA-1 aggregates in epg-11 mutants.
The degradation and formation of PGL-3 aggregates in autophagy mutants, detected by anti-PGL-3, are independent of PGL-1 (Zhang et al., 2009 ). In lgg-1; pgl-1 double mutants, a large number of PGL-3 granules accumulated ( Figure 2O ). However, in pgl-1; epg-11 mutants, PGL-3 granules were absent, and levels of PGL-3 were lower than in epg-11 single mutants (Figure 2H,P) . Thus, unlike in autophagy mutants, a loss of pgl-1 suppresses the defective degradation of PGL-3 in epg-11 mutants.
epg-11
Regulates the Association of PGL Granules with EPG-2 The defective degradation of PGL granules, but not EPG-2, in epg-11 mutants prompted us to investigate the relationship between PGL granules and EPG-2. In WT embryos, SEPA-1 aggregates colocalize with EPG-2 ( Figures 3A, 3B , 3H, S3A, and S3B). In atg-3 mutants, SEPA-1 and EPG-2 accumulate and colocalize at all embryonic stages (Figures S3I and S3J ). In epg-11 mutants, SEPA-1 aggregates colocalized with EPG-2 at the 50-cell stage ( Figures 3C, 3H , and S3E) but were largely separable from EPG-2 aggregates at the 100-cell stage (Figures 3D, 3H, and S3F) . At the 200-cell stage onward, many PGL granules were detected, whereas EPG-2 aggregates were absent ( Figures 3E and S3G) . Above, we showed that the defective degradation of SEPA-1 in epg-11 mutants is suppressed by a loss of pgl-3. Consistent with this, SEPA-1 aggregates colocalized with EPG-2 in pgl-3 epg-11 mutants ( Figures 3F and S4D) . PGL-1 and PGL-3 granules were separable from EPG-2 aggregates at all embryonic stages in sepa-1; epg-11 double mutants ( Figures 3G and S4E) , which is consistent with the hypothesis that SEPA-1 links PGL-1 and PGL-3 aggregates with EPG-2.
Recombinant GST-fused SEPA-1, but not PGL-1 and PGL-3, pulled down His-tagged EPG-2 in in vitro pull-down assays (Figures 3I and S4A) . Thus, we determined whether the interaction between SEPA-1 and EPG-2 is regulated by epg-11 in vivo using coimmunoprecipitation assays. Embryonic extracts from WT and epg-11 mutants were precipitated with anti-SEPA-1, and copurified proteins were detected with anti-EPG-2. EPG-2 was specifically coimmunoprecipitated by anti-SEPA-1 ( Figure 3J ). The level of EPG-2 coprecipitated by anti-SEPA-1 in epg-11 mutants was much lower than in WT embryos ( Figure 3J ). Altogether, these results show that EPG-11 regulates the interaction between PGL granules and EPG-2.
Previous studies demonstrated that PGL-3 directly interacts with SEPA-1 (Zhang et al., 2009) . In a coimmunoprecipitation assay, the amount of PGL-3 coprecipitated by anti-SEPA-1 was greatly enhanced in epg-11 mutant embryonic extracts in comparison to WT extracts ( Figure 3K ). PGL-1 and PGL-3 both contain an RGG box and are predicted to bind RNA. Pretreatment of embryonic extracts with RNase A had no effect on the Figure S4 .
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Molecular Cell
Arginine Methylation Controls Autophagy Efficiency association of EPG-2 with SEPA-1 ( Figure S4B ). However, RNase A treatment reduced the interaction between PGL-3 and SEPA-1 in WT embryonic extracts but not in epg-11 mutant extracts ( Figure S4C ). These results suggest that the association of PGL-3 and SEPA-1 is modulated by RNA in WT embryos.
epg-11 Regulates the Association of PGL Granules with
LGG-1 Puncta epg-2 mediates the association of PGL granules with LGG-1 puncta (Tian et al., 2010) . In WT embryos, 60% of SEPA-1 aggregates colocalize with LGG-1 puncta at the 100-cell stage ( Figures 3L, 3O, and S4F) , whereas, in epg-2 mutants, SEPA-1 aggregates are separable from LGG-1 puncta ( Figures 3M and S4G ) (Tian et al., 2010) . In epg-11 mutants, SEPA-1 aggregates were largely separable from LGG-1 puncta ( Figure 3N, 3O, and S4H) . SEPA-1 aggregates persisted in comma stage epg-11 mutant embryos, whereas LGG-1 puncta were nearly absent. Simultaneous depletion of pgl-3 increased the colocalization of SEPA-1 aggregates with LGG-1 puncta in epg-11 mutants ( Figure 3O ).
Overexpression of epg-2 Promotes the Degradation of PGL Granules in epg-11 Mutants
We examined whether the overexpression of epg-2 facilitates SEPA-1-mediated autophagic degradation of PGL granules in epg-11 mutants. epg-11 mutant embryos carrying a transgene overexpressing epg-2 showed far fewer PGL granules at early embryonic or 4-fold stages ( Figures 3P, 3Q , 3S, and S4I), indicating that the overexpression of EPG-2 promotes the degradation of PGL granules. The number of GFP::PGL-1 granules was restored when the sepa-1 mutation was introduced into epg-11 mutants carrying the same epg-2 transgene ( Figures 3R  and 3S ), indicating that SEPA-1 is required for the degradation of PGL granules by epg-2 overexpression.
epg-11 Encodes the Homolog of Human PRMT1 epg-11 was mapped on linkage group V. Transformation rescue experiments showed that a transgene carrying the single gene y113 g7b.17 rescued the defective degradation of PGL granules in bp292 mutants ( Figures 4A and 4C) . epg-11 encodes a protein that is 67.8% identical to human PRMT1. y113 g7b.17 has also been called prmt-1 . bp292 mutants contain a histidine-to-tyrosine mutation at amino acid 288 ( Figure 4B ), a residue that is highly conserved among all PRMTs and located in the putative arginine binding pocket (Zhang et al., 2000) .
EPG-11/PRMT-1 has been shown to methylate DAF-16/FoxO, which acts as an antiaging modification (Takahashi et al., 2011) . epg-11(bp292) mutants also had a shortened lifespan (Figure S5I) . prmt-5 encodes the only type II PRMTs in C. elegans . prmt-5 mutants showed no defect in the degradation of PGL granules, and the prmt-5 mutation did not exacerbate the defects in epg-11/prmt-1 mutants ( Figures  S5A-S5D ), indicating that PRMT-5 is not involved in PGL granule degradation in somatic cells.
We constructed a translational fusion reporter with gfp inserted at the C terminus of EPG-11, which was functional in rescuing the defective degradation of PGL granules in epg-11 mutants ( Figure 4D ). EPG-11::GFP was diffusely localized in the cytoplasm during embryogenesis (Figures 4E and 4F) . At postembryonic stages, epg-11::gfp was widely expressed, including in pharyngeal, body wall muscle, intestinal, and vulval cells (Figures S5E-S5H ).
EPG-11/PRMT-1 Directly Interacts with PGL-1 and PGL-3 PGL-1 and PGL-3 both contain a RGG domain, which has been shown to be a preferential substrate of PRMT1 (Bedford and Clarke, 2009 ). First, we determined whether EPG-11 directly interacts with PGL-1 and PGL-3 using coimmunoprecipitation assays. Embryonic extracts were treated with anti-PGL-1 or anti-PGL-3, and the coprecipitants were analyzed by western analysis. We found that EPG-11 was specifically precipitated (Figures 5A and 5B). PGL-1 and PGL-3 were also specifically coimmunoprecipitated from embryonic extracts by anti-EPG-11 (Figure 5C ). In in vitro pull-down assays, His-tagged EPG-11 pulled down GST-tagged PGL-1 and PGL-3 but not SEPA-1 ( Figures  5D and S5J) . The interaction between EPG-11 and PGL-1 or PGL-3 was not affected by RNase A treatment in the pull-down assays ( Figures S5K and S5L ). By constructing a series of deletions, we found that EPG-11 bound to the RGG domain of PGL-1, but not to mutant PGL-1, with a deletion of the RGG domain (Figure 5E ). EPG-11 interacted with a fragment of PGL-3 containing amino acids 211 to 415 but not with the RGG domain or the SEPA-1-interacting domain of PGL-3 ( Figure 5F ) (data not shown). Interaction of EPG-11 with PGL-1 and PGL-3 was slightly enhanced by the H288Y mutation found in epg-11(bp292) ( Figures  5D-5F ). Thus, PGL-1 and PGL-3 directly interact with EPG-11.
EPG-11/PRMT-1 Methylates Arginine Residues in the RGG Domains of PGL-1 and PGL-3
We conducted in vitro arginine methylation assays in order to examine whether arginines in PGL-1 and PGL-3 are methylated by EPG-11. Recombinant EPG-11 proteins were incubated with PGL-1 or PGL-3 and 3 H-S-AdoMet ( 3 H-SAM), a methyl group donor. Both PGL-1 and PGL-3 were methylated by EPG-11 (Figures 6A-6D ). The methylated arginines were further delineated to the RGG domains of PGL-1 and PGL-3 ( Figures 6A-6D ). The H288Y mutation dramatically reduced the methylation activity of EPG-11 ( Figures 6A-6D) . In order to map the methylated arginines in PGL-3, the 13 arginine residues in the RGG domain were individually mutated (O) Percentage of SEPA-1 aggregates colocalized with LGG-1 puncta in various genetic backgrounds. Mean ± SD of at least three confocal images for each genotype at the same stage are shown. ***p < 0.001. (P-R) epg-11 mutant embryos at the 4-fold stage contain GFP::PGL-1 granules (P), which can be largely rescued by a transgene overexpressing epg-2 (Q). sepa-1(RNAi) blocks this phenotypic rescue (R). (S) Number of GFP::PGL-1 granules at the 4-fold stage in each strain. Data are shown as mean ± SD of at least three animals for each genotype at the 4-fold stage. ****p < 0.001; ns, no significant difference. The scale bar represents 10 mm (A-G, L-N, and P-R). See also Figures S3 and S4. to alanine, and the methylation level of the mutant RGG domains was then determined. Mutating R641, R650, R658, R661, R665, R668, R676, R682, or R690 to alanine reduced the methylation level of the PGL-3 RGG domain, whereas mutating R627, R634, R638, and R648 had no effect ( Figures S5M and S5N) . Out of all the mutants, PGL-3-RGG(R682A) exhibited the most significant reduction in methylation level ( Figures S5M and  S5N ). Mutating all nine arginines to alanines completely abolished methylation (mutant PGL-3-RGG[R9A]; Figures 6A  and 6B) .
Next, we determined whether PGL-1 and PGL-3 arginines are methylated in vivo. Embryonic extracts were incubated with anti-R meth , an antibody recognizing mono-and dimethyl-arginine, and PGL-1 and PGL-3 were specifically coimmunoprecipitated ( Figure 6E ). Furthermore, we performed immunostaining assays using anti-R meth and found that P granules in germline cells of WT embryos were strongly stained ( Figures 6F and 6G ). The staining signal was reduced in pgl-1 and pgl-3 single mutants and was undetectable in pgl-1; pgl-3 double mutants ( Figures 6H and  6K ). In early embryonic somatic cells, nuclear staining that decreased as embryogenesis proceeded was also detected ( Figures S5O-S5R ). The nuclear staining signal was unaffected by loss of pgl-1 and pgl-3 activity ( Figures S5S and S5T ). Staining of germ cells and somatic cells was abolished in epg-11(bp292) mutants but was not affected in prmt-5 mutants ( Figures 6L, 6M , and S5U-S5Z). These results indicate that PGL-1 and PGL-3 arginines are methylated by EPG-11 in vivo.
Mutating Methylated Arginines in PGL Proteins Impairs Their Degradation Next, we determined whether mutating the methylated arginines affects the degradation of PGL granules. A Psepa-1::pgl-3::gfp reporter, in which the expression of pgl-3 is driven by the sepa-1 promoter, showed that PGL-3::GFP formed small aggregates in early-stage embryos, which largely disappeared from the comma stage onward ( Figures 7A, 7B , and S6A-S6D). PGL-3::GFP granules were absent, and the fluorescence signal was greatly reduced in pgl-1 mutants carrying this transgene, whereas sepa-1(RNAi) increased the number of PGL-3::GFP granules ( Figures S6E-S6H ). When the same pgl-3::gfp transgene was introduced into epg-11 mutants, the number of PGL-3::GFP aggregates was dramatically increased ( Figure 7C ). Simultaneous depletion of pgl-1 in epg-11 mutants suppressed the accumulation of PGL-3::GFP granules and also reduced the GFP fluorescence signal ( Figures S6I and S6J) . Inactivation of the atg-3 gene caused the dramatic accumulation of PGL-3::GFP granules, which persisted in late-stage embryos ( Figures  S6K-S6L ). The accumulation of PGL-3::GFP granules in atg-3 mutants is independent of PGL-1 (Figures S6M and S6N ). In sepa-1; atg-3 mutants, the PGL-3::GFP signal was largely diffuse in the cytoplasm apart from a few aggregates at the comma stage ( Figures S6O and S6P) . formed aggregates that persisted in late-stage embryos (Figure 7D) . Formation of PGL-3(R9A)::GFP aggregates was not affected by loss of sepa-1 ( Figure 7E ). In pgl-1(RNAi) embryos, PGL-3(R9A)::GFP aggregates were absent, and the GFP fluorescence signal was greatly reduced ( Figure 7F ). We examined whether the accumulation of PGL-3::GFP aggregates impairs the removal of PGL-1 and SEPA-1. In late-stage embryos carrying the (D) EPG-11 and mutant EPG-11(H288Y) directly interact with full-length PGL-1 and PGL-3 in a GST pull-down assay. The lower panel shows the input protein level of GST, GST-PGL-1, and GST-PGL-3. PGL-1 and PGL-3 pulled down 5.8% and 1.6% of input EPG-11, respectively. PGL-1 and PGL-3 pulled down 13.2% and 3.3% of input EPG-11(H288Y), respectively. (E) EPG-11 and mutant EPG-11(H288Y) associate with the PGL-1 RGG domain. (F) EPG-11 and mutant EPG-11 interact with a fragment of PGL-3 containing amino acids 212-415, which is distinct from the SEPA-1-interacting domain. PGL-3(212-415) pulled down 0.2% and 0.5% of input EPG-11 and EPG-11(H288Y), respectively. PGL-3(416-613) pulled down 2.2% of input SEPA-1. See also Figure S5. ures 7G-7I, S7A, and S7B). However, the degradation of EPG-2 and SQST-1 was not affected (Figures 7J, 7K , S7C, and S7D). PGL-3(R9A)::GFP aggregates were separable from endogenous EPG-2 aggregates and LGG-1 puncta ( Figures 7J,  7L , S7C, and S7E). These results indicate that the accumulation of somatic PGL granules does not impair the normal autophagic flux in the degradation of the scaffold protein or other protein aggregates.
DISCUSSION Arginine Methylation Regulates the Autophagic Degradation Efficiency of PGL Granules
Here, we show that EPG-11/PRMT-1 regulates the association of PGL granules with the scaffold protein EPG-2 and, thus, modulates the autophagic degradation efficiency of PGL granules during embryogenesis. EPG-11 directly binds to PGL-1 and PGL-3 and methylates their RGG domains. Mutating the methylated arginines in the RGG domain causes the accumulation of PGL granules in somatic cells.
How does arginine methylation regulate the association of PGL granules with EPG-2? PGL granules in epg-11 mutants appear to be distinct from those in autophagy mutants. PGL-1, PGL-3, and SEPA-1 have a sequential hierarchical relationship in the degradation and assembly of aggregates in autophagy mutants. The degradation of SEPA-1 and formation of SEPA-1 aggregates are independent of PGL-1 and PGL-3, and PGL-1 is also dispensable for formation and degradation of PGL-3 granules (Zhang et al., 2009 ). In epg-11 mutants, the accumulation of somatic PGL-3 granules is suppressed by a loss of pgl-1 activity. The defective degradation of SEPA-1 aggregates can be rescued by the depletion of pgl-1 or pgl-3. SEPA-1 does not interact with and is not arginine methylated by EPG-11. SEPA-1, but not PGL-1 and PGL-3, directly interacts with EPG-2. We propose that arginine methylation is responsible for the diffuse localization of PGL-1 and PGL-3 and LGG-1 puncta. Separate images for (H-L) are shown in Figure S7 . (M) Model for the role of EPG-11 in degradation of PGL granules. In WT embryos, PGL-1 and PGL-3 are methylated by EPG-11. Methylated PGL-1 and PGL-3 are recruited into SEPA-1 aggregates, which associate with EPG-2 and subsequently trigger the formation of surrounding autophagosomal membranes. The binding of PGL-3 with SEPA-1 appears to be enhanced by RNA. In epg-11 mutants, PGL-1 and PGL-3 form aggregates independent of SEPA-1. The PGL-1 and PGL-3 aggregates interact with SEPA-1 to form PGL granules. In comparison to WT embryos, the binding of PGL-3 with SEPA-1 is enhanced in epg-11 mutants, whereas PGL granules show lower binding affinity with EPG-2, and, thus, the degradation process is impaired. their strict dependence on SEPA-1 for the formation of aggregates. PGL-1 directly associates with PGL-3, and PGL-3 interacts with SEPA-1 (Zhang et al., 2009) . Arginine methylation of the RGG domains of PGL-1 and PGL-3 may prevent the formation of PGL-1 and PGL-3 aggregates. The binding of methylated PGL-3 with SEPA-1 is enhanced by RNA. In epg-11 mutants, PGL-1 and PGL-3 form aggregates, and PGL-3 shows enhanced binding to SEPA-1 in comparison to WT embryos. The altered composition or organization of PGL granules in epg-11 mutants reduces the binding affinity with EPG-2 aggregates and, thus, impairs the autophagic degradation efficiency ( Figure 7M ).
